a Driven by the huge potential of engineering the molecular band offset with highly dipolar molecules for improving charge injection into organic electrics, the anchoring of various N-alkyl substituted quinonoid zwitterions of formula C 6 H 2 ðÁ Á ÁNHRÞ 2 ðÁ Á ÁOÞ 2 (R = iPr, Cy, CH 2 CH(Et)CH 2 CH 2 CH 2 CH 3 ,. . .) on gold surfaces is studied. The N-Au interactions result in an orthogonal arrangement of the zwitterions cores with respect to the surface, and stabilize adsorbed compact rows of molecules. IR spectroscopy is used as a straightforward diagnostic tool to validate the presence of ultra-thin molecular films. When combined with computational studies, IR measurements indicate that the presence of a CH 2 group in a position to the nitrogen atom is important for a successful anchoring through N-Au interactions. The presence of such a flexible CH 2 spacer, or of aryl groups, enables p-interactions with the surface, making possible the anchoring of enantiopure or sterically-hindered zwitterions. X-ray diffraction analyses indicate that the intermolecular spacing within a row of molecules can be modulated by the nature of the alkyl substituent R. This modulation is directly relevant to the electronic properties of the corresponding molecular films since these zwitterions are expected to form rows on gold surfaces similar to those observed in the bulk crystalline state.
Introduction
The stabilization of molecular films on surfaces, the formation of Self-Assembled Monolayers (SAMs) on metal surfaces, and the study of their properties continue to garner considerable interest (more than 1500 articles and patents from 2000 to 2015) . This includes studies on the nature of the anchoring groups, the substrate/molecule or molecules/molecules interactions, the orientation of the molecules after deposition, 1 as well as their subsequent modification on the surface for example by complexation of anchored molecules to metal ions. 2 Potential applications motivate improvements of the characterization methods of SAMs, and/or the development of new systems with unique features. 3 Generally, high quality SAMs are needed to obtain the required properties necessary for applications for e.g. the protection of materials, 4 medical applications (prosthesis), 5 the fabrication of functionalized electrodes for molecular recognition and sensing devices or for nanoelectronics. 6 In the latter case, an important objective is to use SAMs to improve the interface between metals and organic layers for better charge injection and extraction. 7 For such purpose, dipolar molecules have great potential for a chemical-based engineering of the molecular band offset at the interface. 8 We recently described the formation of SAMs made of quinonoid zwitterions deposited on conductive substrates. 9 These potentially anti-aromatic molecules (Scheme 1) 10 contain two 6p electrons subsystems delocalized over five atoms. The anionic system (trimethyne oxonol) is chemically connected to the cationic moiety (trimethyne cyanine) through two carbon-carbon single bonds, which electronically isolate the two sub-systems, leading to a strong molecular dipole moment of 10 debyes.
With their large intrinsic dipoles, these molecules represent excellent candidates for fundamental investigations into the complex interplay between dipole interactions and surface chemistry at the dipole/substrate interface. 9a We previously
showed that gold substrates can be fully covered by thin and homogeneous molecular films of well-organized dipoles. 9a,b,d These films provide an efficient way to screen the interface dipole, always present between metallic electrodes and organic films. 11 Moreover, a comparative study carried out on five different zwitterionic molecules showed that changing the nature of the R substituent attached to the nitrogen atoms opens a way for chemically-driven modifications of the electronic properties of the molecular adlayers. Another advantage of these quinonoid zwitterions resides in the diversity of possible substituents, which provides opportunities for modifying the structure of the adsorbate. Our long-term goal is to identify/design the adequate substituent for tuning the desired electronic property of the metal-adsorbate, i.e. displacing appropriately the work function of the electrodes while tuning the adlayer charge transfer transparency. We have shown previously that zwitterions 2 and 5 anchor on the gold surface with a preferential orientation of the ''quinonoid cores'' perpendicular to the gold surface , when the film is grown from solution (note however that the bonding situation is different when the zwitterion film is grown from the vapor phase). 12 As shown in Scheme 2a-c, all dipole moments in the first zwitterion layer are oriented in the same direction. 9a,b,d We found a thickness of typically 1 nm for the thinnest films, which suggested the presence of a second layer of molecules, not shown here and in the following schemes, where we only represent the first interface layer for clarity reasons. The energetics leading to the arrangement of the first layer result from several combined effects, e.g. the bonding of the N atom to the Au substrate, as identified by X-ray photoemission (XPS), the electrostatic interactions which drive the intrinsic molecular dipoles, deposited from solution, to align with the interface dipole moment of the metallic substrate. The arrangement of the molecules on the gold surface was discussed as a succession of molecular 'rows' (Scheme 2a-c). The p-p interactions governing the molecular packing, in combination with other intermolecular interactions (e.g. hydrogen bonding), result in major changes in the intermolecular charge delocalization, more akin to a semimetalliclike behavior of the ultra-thin film prepared from 5. 9c By varying the spacing between molecules of the same row, one might observe changes of the electronic properties of the metal-SAMs system. Our goal here is to investigate by single crystal X-ray diffraction the structural consequences on the molecular packing of a change in the steric properties of different N-substituents and its impact on the anchoring of the molecules on a gold surface. Such studies should help identify the structural features favoring the formation of molecular-thin adlayers.
Considering that some of these zwitterions can be anchored to the gold surface through N-Au interaction (Scheme 2c and d), 9a,b,d we focus here on selected aspects of the steric influence of the N-alkyl substituent. Indeed, the use of N-alkyl quinonoid zwitterions offers several advantages: (i) the variation of only one chemical parameter permits a better comparison between molecules for a given type of anchoring mode; (ii) a large diversity of such molecules is accessible from commercially available reagents; (iii) no particular experimental conditions are required (inert atmosphere. . .); (iv) their high stability, Scheme 1 Resonance forms of the quinonoid zwitterions previously investigated.
with observed shelf life-times exceeding months in the solid state. Varying the number of carbon atoms of the N-alkyl substituent (e.g. from butyl to octyl) is expected to have negligible effects on the spacing between molecules which pack in the same row. In order to modulate this intermolecular spacing, we also investigate quinonoid zwitterions having branched or cyclic alkyl substituents. However, a too large steric hindrance at the N-substituent could hamper the N-Au interaction and prevent molecular anchoring on the surface.
Taking advantage of our extensive experimental characterization of thin films of 1, 2, 4 and 5 obtained by self-assembly on Au, 9 we wish to address the following questions: can we extend this family of molecules for various and better surface anchoring? Can a simple pass/fail test be applied to determine the anchoring of the quinonoid zwitterions on a metallic substrate, and deduce simple rules based on the packing of these molecules in the crystalline state? Such studies represent the first step towards electronic properties investigations, using molecular design to determine the best candidates for applications. A key issue is whether the steric properties of the N-substituent of the zwitterions could possibly hamper the establishment of N-Au interactions and prevent molecular anchoring on the surface. We also expand the library of candidate molecules with the specific objective to form films of enantiopure, strong dipolar molecules on substrates.
Results and discussion

Chemical structure of selected zwitterions
The new molecules investigated in this work, complementing those studied in ref. 9a, b and d and by others, 13 are shown in Table 1 , which also summarizes the optimum conditions used for their synthesis. Here we establish that microwave activation greatly facilitates the synthesis of new target quinonoid zwitterions. In previous work, we took advantage of a combination of several characterization methods (photoemission, IR, XPS) to assess the anchoring of the N-butyl zwitterion 2 through the nitrogen functions (Scheme 2, ref. 9a and d) and provide insight into the orientation of the molecular backbone. A bulky N-substituent is expected to be detrimental, or even prevent the anchoring and stabilization of a molecular film on gold. Two important geometrical parameters need to be considered: the distance between the bulky moiety in R and the N atom (in a, b or g position to nitrogen), and the resulting steric hindrance. The molecules presented in Table 1 were selected to evaluate the impact of these two parameters. Zwitterions 6 and 7 have at least one methylene group in a position to nitrogen. Since the variation of the steric hindrance occurs in b position, we anticipate that significant differences may only be observed with a very bulky R group. For the zwitterions 8-13, steric hindrance occurs closer to the nitrogen atom (in a position) and increases progressively from 8 to 10. The cyclohexyl N-substituent in 9 is less flexible and more constrained than the N-substituent in 8. The presence of an aromatic substituent in 11-13 could increase the surface anchoring ability of the molecule or allow a new anchoring mode, as previously reported.
14 The relative position of the phenyl substituent with respect to the nitrogen function could influence the orientation of the quinonoid core after anchoring on the substrate. Note that zwitterions 7 and 10-12 are chiral molecules and zwitterions 10 and 11 are enantiopure.
Synthesis of new zwitterions
The family of quinonoid zwitterions investigated can be typically prepared by two different methods (Scheme 3). Following method A, the target molecule directly results from the reaction of an excess primary amine with diaminoresorcinol a The reactions were performed in a closed system (sealed CEM s 10 mL reactor), 2.5 mL of water, power up to 80 W, 2 min at 100 1C.
b Preheated oil bath, 10 mL of solvent.
(commercially available). Following method B, the desired compound is obtained by a trans-amination reaction from the readily available ''parent zwitterion'' 1.
10 Method B requires the use of only two equivalents of primary amine, a significant economical advantage over method A, particularly for zwitterions 10-13. Moreover, a simple work-up leads to pure compounds. Sterically hindered N-substituents disfavor access to the new zwitterions presented in Table 1 . An optimization of the yields and reaction times was performed, and a comparative study of these synthetic details is provided in the ESI. † Although method B has not been previously applied in water, because of the increased thermal decomposition of the ''parent zwitterion'' 1 in water as compared to ethanol, this pathway was the only procedure leading to the desired compounds. To further increase the reaction yield, a reduction in the rate of decomposition of the ''parent zwitterion'' 1 should be sought. One approach is to use an activating technique allowing the reaction to be performed at higher temperature for shorter reaction times. 15 We thus considered microwave irradiation as an attractive possibility, even though very few transamination reactions performed under microwave irradiation have been described in the literature. 16 Performing the trans-amination reaction under microwave irradiation, in water, afforded better yields (Table 1 and ESI †), except for 10. The fact that zwitterions 8 and 12 were obtained in much lower yields is probably due to the solubility of 8 in water (product loss during work-up), and in the case of 12, to the lower miscibility of the corresponding amine with water, resulting in a biphasic mixture. These results show that microwave activation can bring about significant improvements and offers a fast (typical 2 min reaction time) and efficient access to several sterically-hindered or chiral zwitterions.
Structural analyses by X-ray diffraction
Single crystals of zwitterions 9-11 were obtained at room temperature by slow diffusion of pentane into their dichloromethane solution. Their molecular structures ( Fig. 1) were elucidated by X-ray diffraction. Crystallographic details are given in the ESI † (Table S1 ).
A detailed comparative study of the X-ray structures of zwitterions 9-11 is provided in the ESI. † Not surprisingly, the absence of a CH 2 group in a position to the nitrogen atom considerably influences the molecular arrangement in the solid state (ESI †). A head-to-tail arrangement of the molecules and the formation of molecular rows in the direction orthogonal to the quinonoid core are usually observed in the solid state structures of quinonoid zwitterions.
Head-to-tail arrangement
Molecules with bulky substituents are generally arranged in a head-to-tail manner (Fig. 2) . In this case, the angle formed by the ''quinonoid core'' (C 6 O 2 N 2 ) of two adjacent molecules is around 120-1501 whereas adjacent molecules of 3 are coplanar (Fig. 2 ).
Molecular rows in the orthogonal direction to the quinonoid core
Compound 10 co-crystallizes with water molecules that interact via H-bonds with the zwitterions and thereby modify the molecular arrangement. In the structure of 9, no molecular rows are formed, which is unusual. In contrast to 9, bonding interactions between the tetrahydronaphthyl substituent of 11 and the trimethyne oxonol part of neighboring molecules lead to an arrangement in which a molecular row is perpendicular to the C6 core (Fig. 3) .
Interestingly, the X-ray diffraction analysis establishes that the molecular arrangement of 11 is closer to that found for the isopropyl zwitterion 14 (its X-ray structure has been briefly described previously 17 and is detailed in the ESI †) than for 9. Predicting the molecular arrangement in the solid state is very difficult, if not impossible, in view of the complex interplay of interactions at work.
Scheme 3 General scheme of the two synthetic methods leading to quinonoid zwitterions. Fig. 1 Mercury views of the quinonoid zwitterions 9-11. Thermal ellipsoids are drawn at the 50% probability level. H atoms are not shown for clarity.
A better quantitative insight into the molecular row packing is provided in Fig. 4 and 5, where opportunities for p-p stacking are shown to exist between sufficiently close packed molecules. More specifically, we wish to highlight the key importance of (i) the spacing between two planes containing the quinonoid cores ( Fig. 4 and Fig. S1 , ESI †), (ii) the interatomic distances ( Table 2 .
In the packing of molecules 3, 5, 11 and 14, the planes of the molecular cores are parallel to each other. Likely due to repulsion effects, the molecules are offset with respect to the packing direction. In the case of 3, they are shifted horizontally whereas they are shifted upward in 11 (Fig. 4) .
The molecular packing of zwitterions 5 and 14 (Fig. S1 , ESI †) is similar to that of 11. It appears that the lack of methylene group in a position to the nitrogen atom results in a slight increase of the spacing between two adjacent planes. As illustrated by zwitterion 11, an increase of the steric hindrance of the substituent results in an increase of both the interplane spacing and the interatomic distances between two parallel molecules (Table 2) .
Interestingly, the distance between the anionic and the cationic moieties of neighboring molecules increases in the sequence from 5, 14, 3 to 11 ( Table 2) . We previously attributed to this interaction the semi-metallic character of the benzyl zwitterionic film on gold surface.
9c This property will be favored by a short spacing between the two p-systems and this is the case when the molecules are upward shifted in the packing (Fig. 4) . Moreover, the lack of methylene group in a position to the nitrogen atom appears to favor this type of packing. Our structural investigations have shown that the arrangement along the molecular column is highly dependent on the R substituent. Fig. 6 represents a succession of three molecular rows of zwitterions 3 and 11, their arrangement is highly sensitive to a modification of the head-to-tail arrangement imposed by the steric hindrance of the substituent.
Succession of molecular rows
This comparative study of the zwitterions and their X-ray structures allows us to validate our hypothesis that in the solid state and within a molecular row, the spacing between neighboring molecules depends on the N-substituent. This study also illustrates the difficulties encountered to predict the molecular arrangement of a compound in the absence of X-ray diffraction data.
Studies of the anchoring of the zwitterions on gold
In order to study the anchoring of molecules on a gold surface, we need a readily available method to determine whether they are still present on the substrate after rinsing. Although the combination of photoemission and inverse photoemission spectroscopies together with XPS provides strong evidence for the anchoring of the molecules, these techniques are time-consuming and may induce molecular degradation. In contrast, infrared spectroscopy is a noninvasive technique that allows for a much faster assessment of the integrity of the molecules after adsorption and can establish the anchoring mode and the preferential orientation of the molecules on the surface. 18 IR spectroscopy is sensitive enough to reach submonolayer adsorption sensitivity 18d and is commonly used to characterize molecular adsorption on a metal substrate. 18 It can also provide insight into molecule-molecule and moleculesubstrate interactions, information on the structure of the molecular film 18a,c and may differentiate conformers. 18d, f The typical IR absorption fingerprints of these quinonoid zwitterions will allow us to gain some insight into the anchoring orientation and the preferential anchoring when the surface is patterned. 9a,d Fig . 7 presents the IR spectra obtained for compound 7, with a comparison between the bulk data and the molecular film deposited on a gold surface.
The IR spectrum for the zwitterion on gold is mode-softened with respect to the data taken in the bulk. This is both expected and understandable: the molecules are tied to the surface, with intermolecular interactions screening the dipoles and making the harmonic oscillator mass effectively ''heavier''. There is nevertheless a good correspondence between the three spectra, and we can conclude that zwitterion 7 is well anchored on the gold surface, showing unambiguously characteristic backbone vibration modes.
In contrast, the IR spectrum of zwitterion 8 on gold (Fig. 8 ) reveals that almost no or only few molecules are anchored on the substrate. IR spectroscopy thus provides a straightforward assessment of the efficiency of the anchoring procedure, the spectrum being dominated by a heterogeneous mixture of symmetric and anti-symmetric d(methyl) and n(C-C) modes and few of the characteristic vibrational modes associated with the zwitterion backbone ( Fig. 7 and 8 ). This suggests that if adsorption does occur, it is not dominated by intact quinonoid zwitterion species with the intrinsic dipole aligned along the surface normal.
For comparison, the IR spectra of molecules 6-13 on gold surfaces are shown in Fig. 9 (see also Fig. S4-S10 , ESI †). Whereas only few or no molecules of zwitterions 6, 8, 9 and 10 were detected, the IR signature of zwitterions 7 and 11 on the surface is clearly observed; 12 and 13 also possibly bind. In the latter case, the IR spectra are less clear because of complications from out-of-plane contributions from the C-C stretching modes in the aromatic substituents. For molecules 7 and 11-13 deposited from solution on gold, additional washing did not change the IR spectra of the functionalized surface. Results obtained for compounds 7 and 11 (possibly for 12 as well) thus indicate that anchoring of chiral zwitterions on a gold surface can be achieved. The evidence of diminished anchoring of 9 demonstrates that the presence of the cyclohexyl substituent in a position to nitrogen hampers the N-Au interaction. We can reasonably conclude that the anchoring of the molecules 11-13 is favored by the presence of aryl substituents.
The drastic difference between the IR spectra of zwitterions 7 and 8 is intriguing. Can the lack of anchoring of zwitterion 8 be just explained by a too important steric hindrance of the substituent or does it indicate more generally that the presence of a methylene group in a position to the nitrogen atom is crucial for an efficient bonding through N-Au interaction? In order to answer this question, a theoretical study of the effect of steric hindrance was performed.
Further theoretical investigations
In all the structures determined here by X-ray diffraction, the quinonoid zwitterions have the conformation A with the two N-bound hydrogen atoms directed towards the anionic part of the molecule (Fig. 10) . This conformation appears also to be the most stable in the gas phase (see Table 3 ). However, to allow anchoring through N-Au interaction, the molecule should have conformation B, obtained by rotation of 1801 about the CÁ Á ÁN bonds (Fig. 10) .
Steric hindrance and flexibility of the N-substituents are two important reasons that can hamper this rotation. They can be quantified by two parameters: (i) the energy difference between the two conformers and (ii) the energy barrier required to operate a rotation of 1801 about the CÁ Á ÁN bond.
DFT calculations were performed to gain an insight into the vibrational mode energies (see Experimental section and Fig. S11 and S12, ESI †). The energy of rotation around the CÁ Á ÁN bond was determined by performing constrained optimization Fig. 7 The data in blue (1) correspond to the IR spectrum of zwitterion 7 in the solid state and in red (2) the IR spectrum of the gold surface functionalized by 7. In black is represented the calculated spectra (based on a standard density functional theory harmonic oscillator forces, using the B3LYP/6-31G** hybrid functional and basis set described in more details below) of the compound with the eigenvalues indicated (with no correction for anharmonicity nor substrate screening), and the intensities estimated (3) from density functional theory. Fig. 8 The data in blue (1) correspond to the IR spectrum of the zwitterion in the solid state and in red (2) the IR spectrum of the gold surface functionalized by compound 8. The theoretical spectra are shown in black (3), with the eigenvalues and the estimated intensities. Fig. 9 Comparison of IR spectra of the gold surfaces functionalized by zwitterions 7-13. of the geometries as a function of the dihedral angles for different zwitterions.
Difference of energy levels between the 2 conformers
The energy differences summarized in Table S2 (ESI †) indicate that conformers B are less stable than their respective conformers A by ca. 70 kJ mol À1 . The steric bulk of the substituent appears to have little or no influence on the difference of stability of the two conformers. The results obtained at the B3LYP/6-31+G** level of calculation indicate that this energy is maximal for a dihedral angle of about 1201. The results are almost the same at the HF/6-31+G** level for the same zwitterions and at the DFT and MP2 level of theory tested for the N-ethyl zwitterion 15. These results thus tend to indicate that the stability difference between the conformers is not the limiting parameter for the anchoring of the zwitterion on the surface.
Energy of rotation around the CÁ Á ÁN bond
The rotational barrier around the CÁ Á ÁN bond, i.e. the energy required to allow a 1801 rotation about the CÁ Á ÁN bond, corresponds to the maximum of the curves plotted in Fig. S11 and S12 (ESI †). This barrier is found to be quite high (more than 100 kJ mol À1 ) and to depend on the nature and size of the R substituent. This is in agreement with our expectations: the rotation about a C-N single bond, with the nitrogen lone pair involved in the delocalized system, is about 80-100 kJ mol À1 , to which must also be added the breaking of the hydrogen bond. In Table 3 are summarized the results of all the calculations performed to access the rotational barrier DE(TS) of the transition state (TS) indicated in Fig. S11 (ESI †). Whereas the deposition of zwitterions 6, 7, 8, 9 and 15 has been experimentally Table 3 Total energies (in hartree, B3LYP/6-31+G** optimized structure for f = 01 and 1801 and transition state (TS)) for the zwitterions 6 to 18. . In contrast, the energy increases significantly above 135 kJ mol À1 for zwitterions 8, 9 and 14. These results suggest that the presence of a methylene group in a position to the nitrogen atom significantly lowers the rotational energy around the CÁ Á ÁN bond. In contrast to 7 or 15, compound 6 is not anchored on the surface. This may be due, as illustrated in Fig. 11 , to the steric hindrance and the low flexibility of the cyclohexyl substituent that held the nitrogen atom too far away from the surface to allow N-Au interactions, even if conformer B can be formed.
DE(TS) = E(TS) À E(01) (in kJ mol
Interestingly, none of the zwitterions having a high DE(TS) were detected by IR on the gold surface. This rotational barrier might therefore be a key parameter that determines the anchoring of the quinonoid zwitterions.
We extended our calculations to prospective zwitterions 16-18, which seem to confirm that whatever the substituent R, the rotational energy of a compound with a methylene group in a position to the nitrogen atom would be around 120 kJ mol
À1
. Zwitterion 18 can be one exception as the steric hindrance of the cyclopropyl substituent is smaller than that of the isopropyl group. Indeed zwitterion 18 has the same DE(TS) as the ethyl zwitterion 15 and thus a significantly smaller energy than 14.
The presence of a CH 2 in a position to nitrogen thus seems to be a crucial element for the anchoring of these zwitterions on gold through N-Au interactions. If the difference of rotational energy between anchored and not anchored molecules is significant, it remains moderate. We can speculate that performing the surface functionalization at higher temperature might allow a better anchoring of sterically hindered zwitterions.
Conclusions
This study has allowed us to enrich our library of zwitterionic, quinonoid compounds, with the synthesis of enantiopure and of sterically-hindered molecules. We found that the choice of the reaction solvent was crucial. We also observed that microwave irradiation was of high practical use for their synthesis by trans-amination reaction: this activating method allowed us to significantly increase the yields of sterically-hindered zwitterions and provided a fast (2 min reaction time) and efficient access to several zwitterions. For example, we successfully obtained enantiopure molecules 11, and chiral molecules 7, which were subsequently successfully deposited on a gold substrate.
This study has also allowed us to pinpoint structural and energetic criteria identifying the best candidates for molecular adhesion and coverage on gold. We have evidenced that the presence of a methylene group in a position to the nitrogen atom strongly influences the efficiency of the bonding through N-Au interactions. If this is a sine-qua-non condition, the presence of a bulky and constrained substituent, like cyclohexyl, however impedes establishment of N-Au interactions and thus the bonding of the zwitterions to a gold surface. In this case, anchoring of the molecules through the functional group (i.e. aryl interactions) should be envisaged.
Moreover, the X-ray diffraction studies performed on single crystals indicated that significant differences of the molecular arrangement were observed when the R alkyl substituent was modified. These results suggest that: (i) the intermolecular spacing within zwitterionic rows can be well modulated in the bulk; (ii) a study of the solid-state structures can provide insight into promising candidates for the functionalization of the metal substrate, as we know from previous studies that optimum molecules cores packing on surfaces enhances the charges transport properties.
Experimental section
Synthesis
General. Commercial 4,6-diaminoresorcinol dihydrochloride and functional amines were used directly without further purification. Solvents were freshly distilled under argon prior to use. Reactions under microwave irradiations were performed in a closed system (10 mL CEM reactor) and using a microwave CEM discover SP2011. 1 H NMR spectra were recorded in CDCl 3 on a Bruker 500 MHz instrument, operating at 125 MHz for 13 C spectra and 500 MHz for 1 H spectra. Chemical shifts are given in d units, in parts per million (ppm) relative to the singlet at d = 7.26 for CHCl 3 . The splittings were designated as s, singlet; d, doublet; t, triplet; m, multiplet; br, broad. IR spectra were recorded in the region 4000-100 cm À1 on a Nicolet 6700 FTIR spectrometer (ATR mode, SMART ORBIT accessory, Diamond crystal).
(6Z)-4-(Hexahydrobenzylamino)-6-(hexahydrobenzyliminio)-3-oxocyclohexa-1,4-dien-1-olate (6) . To a suspension of the parent zwitterion 1 (0.300 g, 2.17 mmol) in water (2.5 mL) was added cyclohexanemethylamine (0.565 mL, 4.34 mmol). After microwave irradiation (the maximum power fixed at 80 Watts, 2 min at 100 1C), the reaction mixture was filtered and the solid collected was washed several times with water. It was then dissolved in dichloromethane, the organic phase was washed with water, dried over magnesium sulfate, and filtered through Celite. The solution was concentrated under reduced pressure and addition of pentane precipitated the zwitterion 6 as a pink-violet solid (0.605 g, 84% 
. To a suspension of the parent zwitterion 1 (0.300 g, 2.17 mmol) in water (2.5 mL) was added 2-ethylhexylamine (0.711 mL, 4.34 mmol). After microwave irradiation (the maximum power fixed to 80 Watts, 2 min at 100 1C), the reaction mixture was filtered and the solid collected was washed several times with water. It was then solubilized in dichloromethane and the organic phase was washed with water, dried over magnesium sulfate, and filtered through Celite. The solution was concentrated under reduced pressure and addition of pentane led to precipitation of the zwitterion 7 as a pink-violet solid (0.536 g, 68% (8) . To a suspension of the parent zwitterion 1 (0.300 g, 2.17 mmol) in water (2.5 mL) was added 3-aminopentane (0.506 mL, 4.34 mmol). After microwave irradiation (the maximum power fixed at 80 Watts, 2 min at 100 1C), the reaction mixture was filtered and the solid collected was washed with water (5 mL) and then several times with diethyl ether. The solid was solubilized in dichloromethane and the solution was filtered. The filtrate was dried over magnesium sulfate, and filtered through Celite. The solution was concentrated under reduced pressure and addition of diethyl ether led to precipitation of the zwitterion 8 as a violet solid (0.170 g, 28% O; C, 68.59; H, 9.42; N, 10.00. Found: C, 68.23; H, 9.32; N, 10.03 .
(6Z)-4-(Cyclohexylamino)-6-(cyclohexyliminio)-3-oxocyclohexa-1,4-dien-1-olate (9). To a suspension of the parent zwitterion 1 (0.300 g, 2.17 mmol) in water (2.5 mL) was added cyclohexylamine (0.495 mL, 4.34 mmol). After microwave irradiation (the maximum power fixed at 80 Watts, 1 min at 100 1C), the reaction mixture was filtered and the solid collected was washed several times with water. It was the dissolved in dichloromethane and the organic phase was washed with water, dried over magnesium sulfate, and filtered through Celite. The solution was concentrated under reduced pressure and addition of pentane led to precipitation of the zwitterion 9 as a red solid (0.495 g, 76% O; C, 71.07; H, 8.68; N, 9.21. Found: C, 70.96; H, 8.67; N, 9.26 . ,4-dien-1-olate (10) . To a suspension of the parent zwitterion 1 (0.300 g, 2.17 mmol) in water (10 mL) was added (R)-(À)-1-cyclohexylethylamine (0.638 mL, 4.34 mmol). The solution was heated at 100 1C for 2 h (preheated oil bath). After cooling to room temperature, the reaction mixture was filtered and the solid was washed several times with water. It was solubilized in dichloromethane and the organic phase was washed with water, dried over magnesium sulfate, and filtered through Celite. The solution was concentrated under reduced pressure and addition of pentane led to precipitation of the zwitterion 10 as a violet solid (0.465 g, 60% O; C, 71.90; H, 9.60; N, 7.62. Found: C, 71.86; H, 9.56; N, 2, 3, 2, 3, . To a suspension of the parent zwitterion 1 (0.300 g, 2.17 mmol) in water (2.5 mL) was added (S)-(+) -1,2,3,4-tetrahydro-1-naphthylamine (0.618 mL, 4.34 mmol) . After microwave irradiation (the maximum power fixed at 80 Watts, 2 min at 100 1C), the reaction mixture was filtered and the solid collected was washed several times with water. It was solubilized in dichloromethane and the organic phase was washed with water, dried over magnesium sulfate, and filtered through Celite. The solution was concentrated under reduced pressure and addition of pentane led to precipitation of the zwitterion 11 as a pink-violet solid (0.528 g, 61% O; C, 76.63; H, 6.68; N, 6.87. Found: C, 76.69; H, 6.49; N, 6.88 . -1-olate (12) . To a suspension of the parent zwitterion 1 (0.300 g, 2.17 mmol) in water (2.5 mL) was added 1-aminoindane (0.557 mL, 4.34 mmol). After microwave irradiation (the maximum power fixed at 80 Watts, 2 min at 100 1C), the reaction mixture was filtered and the solid was washed several times with water. The solid was solubilized in dichloromethane and the organic phase was washed with water, dried over magnesium sulfate, and filtered through Celite. The solution was concentrated under reduced pressure and addition of pentane led to precipitation of the zwitterion 12 as a violet solid (0.260 g, 28% (13) . To a suspension of the parent zwitterion 1 (0.300 g, 2.17 mmol) in water (2.5 mL) was added 2-aminoindane (0.565 mL, 4.34 mmol). After microwave irradiation (the maximum power fixed at 80 Watts, 2 min at 100 1C), the reaction mixture was filtered and the solid collected was washed several times with water. It was the dissolved in dichloromethane and the organic phase was washed with water, dried over magnesium sulfate, and filtered through Celite. The solution was concentrated under reduced pressure and addition of pentane led to precipitation of the zwitterion 13 as a green solid (0.705 g, 87% Crystal structure determinations X-ray diffraction data were collected on a Kappa CCD diffractometer using graphite-monochromated Mo-Ka radiation (l = 0.710 73 Å) (Table S1 , ESI †). Data were collected using c scans, the structures were solved by direct methods using the SHELX97 software, 19 and the refinement was by full-matrix least squares on F
2
. No absorption or self-absorption correction was used. All non-hydrogen atoms were refined anisotropically, with H atoms introduced as fixed contributors (d(C-H) = 0.95 Å, U 11 = 0.04). CCDC 1437115-1437117.
Functionalization of the gold surfaces
The zwitterionic molecules were deposited on clean gold substrates from a CH 2 Cl 2 solution. Typical overnight exposure to a 0.8 mmol solution (0.2 g l À1 ) was followed by extensive ethanol washing to remove the excess molecules not bonded to the Au substrate (to remove drops of solution on the surface, the functionalized surface was dipped into ethanol. Then the surface was immersed during one minute in 3 mL of absolute ethanol. This latest operation was repeated two more times, and fresh ethanol was used each time). The samples were dried and kept under nitrogen atmosphere.
IR measurements of gold surfaces
Samples were analyzed with an Equinox 55 (Bruker Optics) spectrometer equipped with an air-cooled Globar mid-IR (MIR) source, a deuterated triglycine sulfate detector and a singlereflection attenuated total reflectance (ATR) MIRacle s module with ZnSe contact crystal (Pike Technologies). Spectra were recorded (128 scans) from 4000 to 610 cm À1 at a resolution of 4 cm À1 using
Opus NT version 6.5 (Bruker Optics).
Theoretical calculations for IR spectra
Theoretical calculations were performed to model the zwitterion vibrational modes using the SPARTAN density functional theory (DFT) ab initio package, using the hybrid B3LYP functional. Calculations were undertaken with the standard 3-21G basis set. The initial geometry was chosen by assigning the molecule to the C 2v symmetry point group and standard bond lengths and then the geometry was optimized at the self-consistent field (SCF) level and further refined at the SCF-3-21G level. The solutions of the improved force field calculations provided the vibrational frequencies of zwitterions summarized in Fig. 7 and 8 . The calculations were performed in several ways, with extended and selected, more limited, basis sets and checked again using more limited modified neglect of differential overlap (MNDO) calculations, as well as DFT with and without the generalized gradient approximation (GGA). The theoretical analysis presented in this paper for the vibrational modes results from the application of density functional theory with the 6-21G basis set following geometry optimization, but the various theoretical approaches generally provided very similar outcomes. Note that we did not detail in this paper all the theory and various approaches used for modeling the vibrational modes since it did not add much in terms of new insights. The main flaw in the calculations is that none of the models or methodologies included anharmonic corrections to the vibrational modes, but we regard such an effort as beyond the scope of this paper.
Computational details
Calculations (energies and geometries) have been optimised at the density functional theory (DFT) level with the hybrid B3LYP exchange-correlation functional as implemented in the Gaussian 09 program. 20 The all electron 6-31+G* ( * ) set of basis functions was then used for all atoms. These parameters are coherent with previous calculations performed on similar molecules. 10a Optimization were also performed with the gradient corrected density functional BP86 21 and with the Hartree Fock (HF) for comparison.
In order to access the rotation barrier around the C-N bond of the zwitterion and then the transition state (TS, see Fig. S11 , ESI †), we performed constrained geometry optimizations as a function of dihedral angles with the Modredundant option (Relaxed Potential Energy Scan) of Gaussian 09. The f dihedral was increased from 0 to 180 by 10 degrees. Each time the geometry was optimized with the constrained dihedral angle, the angle was again increased by the same amount. We then chose the geometry of maximum energy and submitted this to a restricted transition state calculation in order to access the energy and geometry of the TS between the two conformations of the zwitterion. Transition states were characterized by a single imaginary frequency and visual inspection of the corresponding vibrational modes ensured that the desired minima are connected. These calculations were carried out on zwitterions with one substituent R on one N only to gain calculation time.
